The present study investigates whether the acquisition of a rhythmical bimanual coordination pattern is influenced by existing intrinsic coordination tendencies. Participants were required to learn 1 of 5 new coordination patterns, whose relative phase was either 36, 60, or 90º away from the 0º and 180º attractors, respectively. They performed 35 trials, each consisting of 2 conditions: In the augmented feedback condition, continuous visual guidance was provided, while in the normal feedback condition participants were required to rely on normal vision of their arms. We found that all to-be-learned patterns were performed with higher accuracy in the visually guided condition, whereas interference with pre-existing coordination tendencies was more pronounced in the normal vision condition. Comparing the learning progress of the 5 groups, we found for patterns close to anti-phase, a smaller improvement and significantly larger phase errors than for patterns close to in-phase. This indicates that the acquisition of a new phase relationship is influenced by existing attractors and that the 180º attractor interfered more strongly with the to-be-learned pattern than the 0º attractor.
Introduction
Bimanual coordination is a skill of practical importance, used for many everyday activities like tying a shoelace, as well as for sportive or recreational tasks such as juggling. Many of those tasks require the ability to produce a specific coordination pattern, which ensures a stable spatio-temporal relation between limbs.
One approach to investigate rhythmical coordination structures is based on the experimental and theoretical work of Kelso (1984) and Schöner and Kelso (1988a) . They modeled the moving limbs as two coupled limit cycle oscillators constituting a system whose actual state can be unambiguously identified by the phase difference () between the left and right oscillation. Investigating its dynamic behavior, attractors were identified, indicating stable states of the system in which small perturbations are quickly compensated.
Analysis of experimental data resulted in the discovery of several muscular (Cohen, 1971; Kelso, 1984; Treffner & Turvey, 1996) , spatial (Swinnen, Jardin, Meulenbroek, Dounskaia, & Brandt, 1997b) , biomechanical (Rosenblum & Turvey, 1988) , and neural constraints (Bresler & Kelso, 2001) , influencing the performance of bimanual coordination patterns. With respect to the required muscle grouping, it was found that there are two naturally preferred coordination modes, namely when homologous muscle groups were activated synchronously (in-phase) or alternately (anti-phase) (Cohen, 1971; Kelso, 1984; Treffner & Turvey, 1996) . Additionally, it was shown that bimanual movements are performed with higher accuracy and stability if both hands move in the same, rather than different, directions (Swinnen et al., 1997b) .
Combining both constraints, Park, Collins, and Turvey (2001) yielded some evidence that rhythmical coordination patterns are performed more accurately for isodirectional than for non-isodirectional movements, while they are performed more stably using homologous rather than non-homologous muscle groups. Thus, especially if both constraints act in concert (i.e., isodirectional movements are performed by using homologous muscle groups), bimanual coordination exhibits an "attractor layout" naturally dominated by a rather strong 0º attractor and a less accurate and stable 180º attractor. (For an overview, see Kelso, 1995; Yamanishi, Kawato, & Suzuki, 1979 .) However, these intrinsic dynamics are not invariable and can be modified by behavioral information, for example, when learning a new coordination pattern.
Many studies investigated the acquisition of the unfamiliar = 90º phase relationship between limbs. The authors determined the time course of mean as well as its standard deviation, and interpreted the observed changes as an improvement in pattern accuracy and stability, respectively. It was found that early in training, normal participants had considerable problems to produce the to-be-learned pattern and instead, tended to fall back to the familiar in-or anti-phase mode (Fontaine, Lee, & Swinnen, 1997; Lee, Swinnen, & Verschueren, 1995; Schöner, Zanone, & Kelso, 1992; Wenderoth & Bock, 2001; Zanone & Kelso, 1994 . Consequently, mean was strongly biased towards 0 or 180º, and its standard deviation was rather high. However with training, mean converged towards the required phase relation, and the standard deviation decreased in exponential fashion, indicating an increase in both pattern accuracy and stability. Additionally, the time needed to switch between one of the natural attractors and the to-be-learned pattern decreased with ongoing training, indicating that participants improved not just their ability to maintain but also to switch to the new coordination pattern. Each of these parameters progressed with a significantly different time course, such that first pattern accuracy, then pattern stability, and finally the switching time reached a plateau (Wenderoth & Bock, 2001) .
The results early in training suggest that initially, the naturally existing attractors interfere with the to-be-learned pattern. Therefore, participants have to overcome the tendency of drifting towards a = 0º or = 180º mode to establish the new coordination pattern (Swinnen & Walter, 1988; Walter & Swinnen, 1994; . Some studies investigating the acquisition of a 90º out-ofphase relation in Parkinson patients (Verschueren, Swinnen, Dom, & Weerft, 1997) and elderly (Lee, 1998; Swinnen et al., 1998) reported substantial problems to break away from familiar coordination modes. Some elderly didn't learn the new phase relationship at all, but instead produced a = 180º or = 0º pattern. However, this effect was reduced by providing appropriate feedback during the acquisition period (Lee, 1998; Swinnen et al., 1998; Verschueren et al., 1997) .
The above findings indicate that internal attractors influence the acquisition of a = 90º pattern. A few studies investigated the acquisition of a coordination pattern 45º away from the 0º (Fontaine et al., 1997) and 180º attractor (Fontaine et al., 1997; Zanone & Kelso, 1997) . They confirmed the above results and showed similar interactions with the existing attractors. Interestingly, Fontain et al. (1997) yielded some evidence that when there were any differences during the learning process, the pattern close to the 0º attractor was performed better than the one close to the 180º attractor. To scrutinize the interaction between existing attractors and different to-be-learned patterns in further detail, the present study investigated the acquisition of a new coordination pattern with a required , which is either 36, 60, or 90º apart from one of the existing attractors. In this way, we could address the following three goals.
Our first goal was to analyze whether the distance between existing attractors and the to-be-learned pattern influences the learning process. Little is known whether skill acquisition might be improved or impaired by neighboring attractors. From the dynamic pattern perspective, it might be assumed that the attractive properties of the existing coordination modes are more difficult to overcome if the to-belearned pattern is very similar. On the other hand, the phenomenon of intertask transfer (Schmidt & Lee, 1999) suggests that participants may benefit if the to-belearned pattern is just a slight variation of an already automatized coordination mode, because transfer depends on the similarities between known and new motor task.
Our second goal was to investigate whether a new phase relationship close to the 0º attractor is learned in a different way than one close to the 180º attractor. Zanone and Kelso predicted on the basis of experimental (Schöner et al., 1992; as well as theoretical studies (Schöner, 1989; Schöner & Kelso, 1988b , 1988c ) that "learning rate should vary inversely with the stability of the closest intrinsic attractor to the required pattern" (Zanone & Kelso, 1994, p. 482) . Since it is known that the 0º pattern is more attractive than the 180º pattern, new coordination modes close to = 0º should be learned more slowly than patterns close to = 180º. This hypothesis was already challenged by an experimental study by Fontain et al. (1997) , which revealed some evidence that there are no substantial differences between learning a = 45º or = 135º pattern.
The third goal was to quantify the transfer from an augmented feedback to a normal feedback condition during learning. Thus, we tested our participants for each trial under two feedback conditions: First, they produced the required pattern under augmented visual feedback by tracking a moving target with a cursor, and afterwards they were to maintain the same pattern without such feedback. The purpose of this transfer-test was twofold. First, we wanted to test whether our participants learned to produce a complicated tracking task, or indeed built up an internal representation of the required movement. Second, previous studies have shown that the appropriate feedback helps to overcome the attraction of preferred coordination modes (Swinnen, Dounskaia, Walter, & Serrien, 1997a; Swinnen, Lee, Verschueren, Serrien, & Bogaerds, 1997c; Swinnen et al., 1998; Swinnen, Walter, Lee, & Serrien, 1993; Verschueren et al., 1997) . These results are in agreement with the notion that properties of the internal attractor layout are modified by behavioral information (Schöner et al., 1992) . Thus, we were able to scrutinize whether the feedback condition influences the interactions between existing attractors and the to-be-learned pattern.
Finally, we wanted to test whether a mechanism, which we call rhythmsetting, is used by the CNS to produce an unknown phase relationship. The idea of rhythm-setting was motivated by techniques used for musical education and works as follows: Figure 1 (left part) shows that each half-cycle of a = 90º movement can be subdivided into two epochs of equal length. During the first epoch, the participant has to move his/her hands in the same (shaded area) and during the second epoch into opposite directions (non-shaded area). To produce a = 60º pattern (Figure 2 , right part), the half-cycle has to be subdivided into three epochs of equal length. This time, hands have to move during two epochs in the same and one epoch in different directions. Subsequently, the above coordination patterns can be identified by the ratio between the epochs, where hands move in the same or in opposite directions, which is = 1/1 for a = 90º, and = 2/1 1 for a = 60º pattern. In this way, the rather complex spatio-temporal movement pattern of the hands can be simplified by associating temporal epochs with basic movement patterns. There are several hints from literature supporting the idea that rhythm-setting is a conceivable, alternative mechanism, which can be used to produce bimanual patterns.
First, Zanone and Kelso (1997) showed that during training, not just the practiced coordination pattern (e.g., = 90º) was acquired, but also its symmetrical partner ( = 270º) 2 . This result indicates that maybe not just the specific spatiotemporal pattern of the hands is learned, but instead a more abstract representation of the "movement rhythm," which is valid for both coordination modes. The rhythmsetting is in good agreement with this observation, since symmetrical partners are describe by the same ratio . Second, a similar strategy was observed in participants producing tapping movements with harmonic timing ratios (Walter, Corcos, & Swinnen, 1998) , requiring for example a 3:1 rhythm (i.e., three taps of the left hand for each tap of the right hand): Participants subdivide each movement cycle in three epochs of equal length, then they performed unimanual tapping movements for the first two epochs and bimanual for the third. Interestingly, it was found that a 1:1 timing ratio can be performed more precisely than a 2:1 or 3:1 (Walter et al., 1998) . These results are in agreement with previous studies investigating internal rhythm production, showing that children have less problems realizing a 2-epoch than a 3-or 5-epoch subdivision (De La Motte-Haber, 1985) , and timing ratios expressed by large numbers or non-integer values are represented less accurately than 1:1 or 1:2 relations (Sakai et al., 1999) . Therefore, it can be hypothesized that if rhythmsetting is used, a = 1/1 pattern can be better performed than a = 2/1 or = 4/1 pattern. Additionally, it can be assumed that the coordination pattern is less consistent if hands move mainly in opposite ( = 1/2 or = 1/4) than in the same directions ( = 2/1 or = 4/1).
For readers' convenience, we will describe the investigated coordination patterns by a notation indicating the closest intrinsic attractor ± its absolute distance, as well as the required . To address the above questions, we used the following coordination patterns: = 0º ± 36º, = 4/1; = 0º ± 60º, = 2/1; = 0º/ 180º ± 90º, = 1/1; = 180º ± 60º, = 1/2; and finally =180º ± 36º, = 1/4. 
Methods

Participants
Twenty-five participants (12 female and 13 male), aged 24 to 32, volunteered to participate in this experiment. Twenty-three participants reported being right handed. All participants were naive regarding the purpose of the experiment, had normal or corrected-to-normal vision, and exhibited no overt sensorimotor deficits. They gave informed consent to the procedures, which were approved by the German Sport University ethics committee.
Apparatus
The apparatus consisted of two parallel sliding devices, mounted at one end of a table. Each device had low friction and guided one-dimensional linear movements, with a maximal movement amplitude of 21.5 cm in the horizontal plane along participants' sagittal axis (Figure 1 ). The positions of both devices was continuously measured at a sample rate of 60 Hz using the FASTRAK ® system. (The static accuracy came to 0.08 cm, and its resolution was 0.038 cm.)
At the other end of the table, a 17-in. computer monitor was used to provide online visual feedback of the devices' displacements: A cursor was displayed, whose vertical position was controlled by the one sliding device, and its horizontal position by the other. For each dimension, a 0.9-cm shift of the sliding device corresponded to a 1-cm movement of the cursor.
Former studies (Swinnen, Jardin, & Meulenbroek, 1996; Viviani, Perandi, Grassi, Bettinardi, & Fazio, 1998) have shown that the dominant arm tends to lead the movement by approximately 25 ms, irrespective of movement speed (Viviani et al., 1998) . For the present study this value corresponds to 4.5º. To avoid this systematic bias, we randomized the leading arm between participants 3 , so that for the = 0º ± 36º, = 4/1 pattern, 2 of 5 participants performed a = -36º, and the remaining three a = 36º phase relation.
Procedures
Participants were randomly assigned to one of five experimental groups. Each group was required to learn one of the following bimanual, isofrequent coordination patterns: = 0º ± 36º, = 4/1; = 0º ± 60º, = 2/1; = 0º/180º ± 90º, = 1/ 1; = 180º ± 60º, = 1/2; and = 180º ± 36º, = 1/4.
Participants were seated in front of the sliding devices, so that elbow and shoulders could be held in an individual, comfortable way. To avoid external auditory disturbances, participants wore headphones presenting white noise.
Each participant performed 35 trials, each with a duration of 60 s. During the first 30 s of a trial, the participant saw a target, moving along the invisible required response path as well as the cursor, which had to be controlled by the appropriate arm movements. The target's path corresponded to the so-called Lissajous figure, yielded by plotting one sinus function along the horizontal and another along the vertical display axis, with the required relative phase. The resultant target path was circular for the = 0º/180º ± 90º, = 1/1 pattern and became an increasingly tilted and narrow ellipse as the required relative phase approached 0 or 180º. For all patterns, the target moved with a frequency of 0.5 Hz and an amplitude of 18.75 cm for each dimension. Participants' task was to follow the target with the cursor as accurately as possible, which was achieved when both limbs moved at a 0.5-Hz rhythm, an amplitude of 16.9 cm, and the required phase relation.
After 30 s, cursor and target disappeared from the screen, and participants were instructed to maintain the bimanual pattern as before for another 30 s. Thus, each trial consisted of two visual feedback conditions, one with augmented visual feedback (augmFB) and one with normal feedback (normFB).
For motivation purposes, tracking performance of the last 29 s in augmFB was displayed as RMS error to the participant at the end of each trial.
Data Analysis
The mean duration of response cycles was determined from Fourier-transformed hand position data, using:
where f V and f H were derived from arm movements controlling the vertical-and horizontal-cursor position, respectively, and represent the frequencies, where the amplitude spectra peaked. The relative phase between hands was determined by a sliding cross-correlation technique (Wenderoth & Bock, 2001) . In short, position data from the arms controlling the vertical and horizontal cursor position were cross-correlated within a time interval representing 37.5% of D, using lags in the interval {0, D}. The relative phase was then determined as where lag max is the lag for which the cross-correlation function peaked. The time interval was then shifted by one sample, the procedure was repeated, and so on. For each trial, we calculated the standard deviation of about its mean, sd, and the absolute difference between mean and the required phase relation, ⌬ 4 . Excluded from this calculation was the initial 1 s of each feedback condition, as well as those rare data segments where participants moved only one sliding device while holding the other still, contrary to our instructions. Figure 3 illustrates the bimanual coordination pattern of a typical participant from the = 0º/180º ± 90º, = 1/1 group in an early (left part) and in a late trial (right part).
Results
The top left panel shows that early in training, the cursor path-which should form a circle in the = 0º/180º ± 90º, =1/1 condition-is actually rather erratic, even with augmented visual feedback. In normFB, the cursor path (for the participant, invisible) was closer to a straight line than to a circle, indicating that the participant switched to the anti-phase pattern.
The middle left panel shows that temporarily, the time course of cursor displacement in augmFB deviated from a sinusoidal shape, and movement frequency was a bit lower than the required 0.5 Hz. Shape and frequency improved in normFB.
The bottom left panel shows the calculated , which was biased towards 180º and showed large fluctuations in augmFB, while in normFB, drifted towards 180º, as expected according to the top panel.
The right part of Figure 3 shows that participants' performance improved substantially with practice. The cursor path approximated the required circular shape quite well in augmFB, and exhibited only moderate ellipsoid distortions in normFB. Each hand produced a nearly sinusoid movement with the required frequency; the phase shift between the hands was close to the required 90º in augmFB and just slightly biased towards 180º in normFB.
The stability of the produced pattern, quantified as sd, was averaged for each trial and within each group (Figure 4) . Surprisingly at the onset of training, participants produced a smaller sd in normFB (left part) than in augmFB (right part). However with ongoing training, sd was substantially reduced in the augmFB condition, and finally reached a lower level than in normFB. This observation was confirmed by an analysis of variance (ANOVA) with the between-factor GROUP ( = 0º ± 36º, = 4/1; = 0º ± 60º, = 2/1; = 0º/180º ± 90º, = 1/1; =180º ± 60º, = 1/2; = 180º ± 36º, = 1/4) and the within-factors FB (augmFB, normFB) and TRIAL (1,2...35), which yielded a significant FB ϫ TRIAL interaction (F 34,680 = 7.06, p < .001). Additional, post hoc tests (LSD planned comparisons) revealed significant differences between the feedback condition for trials 1-3 (p < .001) and trials 32-35 (p < .05). Figure 4 shows that sd decreased for both feedback conditions in a similar way for all groups. Accordingly, the ANOVA yielded additionally a significant main effect of TRIAL (F 34,680 = 21.67, p < .0001) 5 , while the unreported main effects or interactions failed to reach significance (p > .06). Thus, pattern stability increased irrespective of the to-be-learned pattern. Figure 5 shows pattern accuracy, quantified as ⌬, for all groups and both feedback conditions. It can be seen that in augmFB, all patterns were produced more accurately than in normFB. Accordingly, an ANOVA with the same factors as above revealed a significant main effect of FB (F 1,19 = 38.71, p < .0001). Inspecting first the augmented feedback condition (left part), the initial phase error differed markedly between groups, with the = 0º/180º ± 90º, = 1/1 and = 0º ± 60º, = 2/1 group producing substantially larger errors than the other groups. However, with training, ⌬ decreased in an exponential fashion towards a similar level. In normFB, ⌬ was basically larger and fluctuated more during learning. Initially, the = 0º/180º ± 90º, = 1/1 and = 0º ± 60º, = 2/1 group exhibited again larger phase errors, which converged during training towards those of the other groups. However, final accuracy still depended on the to-be-learned pattern, with the = 0º ± 36º, = 4/1 group exhibiting the lowest error and the = 180º ± 60º, = 1/2 group the highest. This observation was confirmed by the ANOVA findings, revealing a significant main effect of TRIAL (F 34,646 = 8.84, p < .0001) as well as a significant GROUP ϫ TRIAL interaction (F 136,646 = 1.78, p < .0001) 6 .
Other main effects and interactions failed to reach significance (p > .3).
To analyze the interaction between already existing coordination structures and the different to-be-learned patterns in further detail, Figure 6 shows the mean absolute phase error ⌬ across trials 1-5 (solid bars) and trials 31-35 (open bars) for each group. In this presentation, groups are arranged in accordance to their distance to the natural attractors, 0º and 180º. For each feedback condition, a separate ANOVA with the between factor GROUP ( = 0º ± 36º, = 4/1; = 0º ± 60º, = 2/1; = 0º/180º ± 90º, = 1/1; = 180º ± 60º, = 1/2; = 180º ± 36º, = 1/4) and the within-factor TRIAL (initial, final) was performed. Significant effects and interactions were additionally analyzed by a LSD post hoc test. In augmFB, the initial ⌬ was highest for = 0º ± 60º, = 2/1 pattern, differing significantly (p < .05) from the = 0º ± 36º, = 4/1; = 180º ± 60º, = 1/2; and = 180º ± 36º, = 1/4. However during training, participants reduced their phase error and finally, all patterns were produced with similar accuracy (confirmed by an ANOVA revealing no significant group differences of final performance).
In normFB, it can be seen that initially, the = 0º ± 36º, = 4/1 and = 180º ± 36º, = 1/4 patterns, which are closest to the natural attractors, are performed better than the others. This observation was confirmed by the post hoc test showing that ⌬ was significantly lower in the = 0º ± 36º, = 4/1 (p < .05); = 180º ± 36º, = 1/4 (p < .005); and = 180º ± 60º, = 1/2 (p < .005) than in the = 0º ± 60º, = 2/1 and = 0º/180º ± 90º, = 1/1 group. At the end of training, ⌬ was markedly reduced for the = 0º ± 36º, = 4/1; = 0º ± 60º, = 2/1; and = 0º/180º ± 90º, = 1/1 patterns, and post hoc tests yielded a significant improvement between trials 1-5 and trials 31-35 for the = 0º ± 60º, = 2/1 (p < .001) and the = 0º/180º ± 90º, = 1/1 (p < .0005) group. By contrast, the remaining = 180º ± 60º, = 1/2 and = 180º ± 36º, = 1/4 patterns, which are closer to the 180º attractor, exhibit just a small non-significant decrease of phase error. At the end of training, there are substantial performance differences between groups: Patterns close to the 0º attractor ( = 0º ± 36º, = 4/1 and = 0º ± 60º, = 2/1) are produced with much higher accuracy than patterns close to 180º ( = 180º ± 36º, =1/4 and = 180º ± 60º, = 1/2), which was supported by post hoc tests revealing a significant difference between the = 0º ± 36º, = 4/1 and = 180º ± 60º, = 1/2 group (p < .05). Thus, the most surprising results were the large, final phase errors of the groups closest to the 180º attractor, which were 39.92º for the = 180º ± 60º, = 1/2 and 31.72º for the = 180º ± 36º, = 1/4 group. Since the above analysis relied on absolute phase errors, it is not possible to determine whether participant performance deviated more towards the 0 or 180º attractor. By contrast, signed differences between the mean relative phase and the required relative phase would indicate whether the majority of participants shows a systematic bias towards one of the neighboring attractors. Thus, if the absolute phase error has the same magnitude as the signed differences, all participants were attracted by the same pre-existing coordination pattern. Figure 7 such a way that upward-oriented bars indicate a systematic bias towards 180º and downward-oriented a bias towards 0º. Additionally, Table 1 shows for all groups and both conditions the differences between the mean absolute phase errors and the mean biases. It can be seen that in augmFB, just moderate biases were found, which were much smaller, especially in trials 1-5, than the observed phase errors (Table 1) . This indicates that participants were not systematically attracted to one of the existing coordination patterns. By contrast, in the normal feedback condition, substantial phase biases were observed. Interestingly, just the = 0º ± 36º, = 4/1 group was slightly biased towards 0º, while for most of the other groups a bias towards = 180º was found. In Table 1 , it can be seen that the phase error of the = 0º/180º ± 90º, =1/1 and the = 180º ± 36º, = 1/4 was nearly identical to the phase bias, indicating that all participants were attracted by the = 180º pattern. After training, the bias was markedly reduced for the = 0º ± 60º, = 2/1 and = 0º/180º ± 90º, = 1/1 pattern, while it remained nearly constant for the = 180º ± 36º, = 1/4 pattern and even increased for the = 180º ± 60º, = 1/2 pattern. Especially for the two later groups, the mean bias differed from the phase error by less than 1º (Table 1 ). This finding indicates that all participants of the = 180º ± 60º, = 1/2 and = 180º ± 34º, = 1/4 group were strongly attracted by the 180º attractor, even after having absolved 35 training trials.
Discussion
In the present study, we compared the acquisition of several bimanual coordination patterns, which differed with respect to their distance to already existing attractors (36, 60, or 90º), their neighboring attractor (0 or 180º) and the ratio between in-and anti-phase periods (4/1-1/4, 2/1-1/2, 1/1). This allowed us to investigate the extent to which already existing attractors interact with to-be-learned coordination patterns. In each trial, participants first were required to produce the to-be-learned pattern by performing a complex bimanual tracking task, and then to maintain the pattern without augmented visual feedback. Thus for every trial, participants were required to transfer from a continuously visual guided movement to a normal vision condition. To analyze the learning process, we determined stability and accuracy for all groups and each feedback condition. In accordance with previous studies (Fontaine et al., 1997; Lee et al., 1995; Wenderoth & Bock, 2001; , we found that with augmented feedback, pattern stability and accuracy increased significantly for all patterns during training. Since we didn't perform a retention test, one might argue that the observed improvement of performance was just temporary and caused by factors other than motor learning (e.g., habituation or warm-up effects). However, we have documented retention from one day to the next in a previous study (Wenderoth & Bock, 2001) and are therefore confident that the present findings reflect motor learning rather than temporary effects.
Intra-task Transfer Between Feedback Conditions
We showed that pattern accuracy and stability increased not just in the augmented but also in the normal feedback condition. Note that in normFB, at no time was any external knowledge of result or knowledge of performance provided. Therefore it can be concluded that some intra-task transfer took place. This finding indicates that our participants not only learned to track a rhythmically moving target, but indeed built up an internal representation of the to-be-learned pattern. However, also at the end of training, there were still substantial performance differences between both feedback conditions, indicating that just partial transfer took place. A similar behavior was observed in a 90º out-of-phase learning study by Swinnen et al. (1997c) , who report that even after 3 days of practice, pattern accuracy as well as stability were higher in an enhanced compared to a normal vision condition. However, they observed much smaller variations between feedback conditions than we found in our study. One reason for our deviating results may be methodological differences, like the provided augmented visual feedback and/or the training time, which was much longer in the study of Swinnen et al. (1997c) . Surprisingly, we found that at the beginning of the training period, pattern stability was generally higher in normFB than in augmFB. One likely explanation is that in augmFB participants performed substantial correction movements to follow the target, while in normFB one coordination pattern was consistently performed, irrespective of its adequacy.
Comparing the pattern accuracy in both feedback conditions, the phase error was significantly higher in normFB and, for the most to-be-learned patterns, exhibited a strong bias towards pre-existing attractors. Similar findings were revealed by previous studies, showing that Parkinsonian patients (Verschueren et al., 1997) and elderly participants (Lee, 1998; Swinnen et al., 1998a) had substantial problems breaking away from pre-existing coordination tendencies as long as no enhanced feedback was provided. From a dynamic pattern perspective, Schöner et al. (1992) argued that the observed attractor layout can be modified by the provided behavioral information. Accordingly, we found that for augmented visual feedback, the stability of the required coordination mode was substantially higher than in normFB, where participants tended to drift towards one of the pre-existing attractors. Moreover, it is noteworthy that the degree of the destabilization in normFB depended strongly on the to-be-learned pattern.
Influence of the Pre-existing Coordination Tendencies on the Acquisition of a New Phase Relation
We found that the differences between the to-be-learned patterns were reflected in the first place by pattern accuracy, while pattern stability exhibited just moderate variations. Under augmented visual feedback, patterns close to the existing attractors were initially produced more accurately than the others. This suggests that maybe positive inter-task transfer takes place as long as the to-be-learned patterns are similar enough to the pre-existing coordination pattern. However, in agreement with basic theories of motor learning (Schmidt & Lee, 1999) , this transfer was small, and at the end of training, pattern-specific differences disappeared.
By contrast, under the normal feedback condition, we observed initially a remarkable tendency to drift towards one of the pre-existing attractors. However, after training, the phase error was substantially reduced for all groups, except the = 180º ± 60º, = 1/2 and = 0º ± 36º, = 1/4 group. These patterns close to the 180º attractor showed also at the end of training a substantial phase error, accompanied by a systematic bias towards an attractor, which indicates a mismatch between the required pattern and the intrinsic dynamics. By contrast, from a reduction of phase error-as found for the = 0º ± 36º, = 4/1; = 0º ± 60º, = 2/1; and = 0º/180º ± 90º, = 1/1 groups-it can be inferred that the intrinsic dynamics were modified, and the to-be-learned pattern was stabilized (Schöner et al., 1992) . Thus, in our study patterns close to the 0º attractor were stabilized much faster than patterns close to 180º. This is an important finding, since it extends the results of Fontain et al. (1997) and is clearly contradictory to the work of Zanone and Kelso (1994) : They predicted basically the opposite relation, namely that a pattern close to the 180º attractor should be learned faster than a pattern close to the 0º attractor. However, this prediction was based on purely theoretical assumptions and was not tested experimentally. By contrast, our experimental results revealed that the 180º attractor was more strongly interfering with the to-be-learned pattern than the 0º attractor.
One possible explanation is that the 180º attractor was additionally stabilized by other mechanisms (e.g., by involuntary trunk movements). Indeed it can be assumed that for postural stabilization, the trunk moves more for anti-phase than for in-phase movements of the arms. However, our participants were comfortably seated right in front of the table, and no differences in trunk movements were observed, even though we cannot discount the possibility that slight rotations might have been present. Thus, it is possible that the postural adjustments differed between groups, but they were probably too small to solely produce the observed differences.
Consequently, our results cannot be sufficiently explained by the attractiveness of intrinsic motor constraints, since it was repeatedly shown that the 0º pattern, produced by homologous muscle grouping in conjunction with iso-directional movements, is stronger than the 180º attractor. However, recently some evidence was provided that movement perception may play an important role by stabilizing rhythmical coordination patterns (Mechsner, Kerzel, Knoblich, & Prinz, 2001 ). Additionally, it was shown that the visual perception of phase relations close to 0º is more stable than that close to 180º (Zaal, Bingham, Schmidt, & Richard, 2000) . Therefore, an alternative explanation would be that the = 180º pattern is perhaps not just produced but particularly perceived less accurately than the = 0º pattern. From this perspective, our data may reflect participants' inability to discriminate between the = 180º pattern and a pattern that is just 36 or 60º away. By contrast, the = 0º pattern may represent a more accurately perceived pattern, such that a drift towards this attractor can be voluntarily avoided. Further research is needed to provide sufficient insight into the relation between perceptual and motor constraints.
We introduced the idea of rhythm-setting, which might be an alternative mechanism for producing a new phase relation. In daily life, musicians use rhythmsetting as a cognitive strategy to produce polyrhythms (i.e., they count rhythmically and associate basic movement patterns in an appropriate way), but it can be used in a similar way to produce a new phase-relation. Interestingly, we observed that, as well, non-musicians and completely naive participants can use this strategy to produce nearly immediately one of the investigated phase relationships. In the present study, we were interested also in whether non-instructed participants with no musical background would unconsciously use this mechanism. We hypothesized that if the rhythm-setting is used, especially the = 0º/180º ± 90º, = 1/1 group should perform better than the = 0º ± 36º, = 4/1 and the = 180º ± 36º, = 1/4 group. Our results did not support this hypothesis. Instead, they suggested that the required movement is represented as a spatio-temporal relation between the hands, rather than as a relatively abstract "timing-characteristic" of the coordination pattern.
